By means of perturbed ␥␥ angular correlation ͑PAC͒ experiments using the radioactive dopants 77 Br, 111 Ag, and 111 In, the behavior of the group-I elements Li, Cu, Ag, and Au is investigated. Group-I elements are shown to form nearest-͑NN͒ and next-nearest-neighbor donor-acceptor pairs in the II-VI semiconductor CdTe. The simultaneous occurrence of cation vacancies indicates the transition of group-I elements from substitutional to interstitial lattice sites. In case of NN pairs, the electric-field gradients measured in the PAC experiments are compared with those obtained theoretically by density-functional theory calculations. PAC experiments performed in ZnTe and ZnSe show a similar behavior regarding the donor-acceptor pairing with group-I elements in these compounds.
I. INTRODUCTION
In semiconductors, the understanding of doping processes forms a key issue for the development of electronic devices. In this context, donor and acceptor atoms in II-VI compounds are subject of widespread investigations. 1, 2 In the case of group-I elements, the interest is focused on their potential use as acceptors and on the occurrence of compensating defect reactions. The information about the behavior of group-I elements in II-VI semiconductors, however, is still rather scarce. In addition, the situation is complicated by the possibility of an unintentional incorporation of these elements, in part supported by their high diffusivity, and the problem of a unique identification of these elements. Photoluminescence experiments show that the group-I elements Li, Cu, Ag, and Au form acceptor levels in CdTe. 3 Since the achievable p-type conductivity is strongly limited, it was supposed that the elements Li and Ag are amphoteric dopants being incorporated on substitutional lattice sites as acceptors and, at the same time, on interstitial lattice sites as donors. 2 For Li, this behavior was confirmed by infrared absorption spectroscopy measuring localized vibrational modes ͑LVM's͒ in CdTe:Li, which showed the formation of close Li Cd -Li i pairs. 4, 5 For the heavier group-I elements, like Ag, 6, 7 the corresponding pairing process is believed to exist but not yet unambiguously identified. In the case of Li, also the formation of Al Cd -Li Cd and In Cd -Li Cd next-nearest-neighbor pairs was observed via their characteristic LVM's, 8 indicating the passivation of group-I acceptors by the interaction with different elements that act as donor atoms. By use of the radioactive donor 111 In, perturbed ␥␥ angular correlation ͑PAC͒ experiments showed characteristic new electric-field gradients ͑EFG's͒ in II-VI semiconductors doped with Ag. The Ag related EFG, however, have been discussed controversially as caused by cation vacancies ͑for CdTe, see Cd ) . 12 Finally, in emission channeling measurements using the isotopes 109m
Ag and 107m
Ag, it was observed that implanted Ag atoms leave substitutional Cd sites above Tϭ400 K. 13 In general, however, there exists no comprehensive scenario concerning the behavior of group-I elements in II-VI compounds and, in particular, their interactions with other defects, up to now. In this work, the radioactive dopant atoms 77 Br, 111 Ag, and 111 In are used in order to study the incorporation of the group-I elements Li, Cu, Ag, and Au as acceptors via the formation of nearestneighbor ͑NN͒ and next-nearest-neighbor ͑NNN͒ D-A pairs in CdTe and, in part, also in ZnTe and ZnSe. In addition, the existence of Cd vacancies is shown via the formation of A centers. In case of the formation of NN pairs in CdTe, the experimental results are complemented by theoretical calculations. Preliminary results of the experimental data were published in Refs. 10 and 14 -16.
II. EXPERIMENTAL TECHNIQUE
For the investigation of defect structures in semiconductors on an atomic scale, the EFG measured by the perturbed ␥␥ angular correlation technique has turned out to be a very successful tool. 17, 18 In this type of experiment, the EFG, which is measured via its interaction with the nuclear electric quadrupole moment of a radioactive probe atom, characterizes the defect complex which the probe atom is part of. Often, however, a unique assignment of the measured EFG to specific defect configurations is difficult to achieve solely based on the experimental sample conditions used. In order to overcome this problem, the calculation of the EFG for the supposed probe-defect configuration ͑here, the D-A pair͒ can be employed. In this work, the behavior of the group-I elements Li, Cu, Ag, and Au in CdTe is investigated by PAC using the probe atoms 77 Cd ͑referring to the parent and daughter isotopes, respectively͒. In order to arrive at a most certain identification, ab initio calculations corresponding to the assigned defect configurations were performed and compared with the experimentally determined EFG. The quality of such calculations has recently been demonstrated in the case of experi-mentally well characterized D-A pairs in Si, Ge, 19 and CdTe. 20 The group-I elements Cu, Ag, and Au were introduced into CdTe single crystals by evaporation of a 10-nm-thick layer of the respective metal onto the surface of the crystal and subsequent diffusion at 550 K ͑Cu͒, 550-700 K ͑Ag͒, and 900 K ͑Au͒ in an evacuated quartz ampoule for 30 min. In the case of Li, the crystal along with a piece of Li metal was heated for 30 min at 880 K. Stable In atoms were introduced using different techniques as described in Ref. 21 Se, on the other hand, is an impurity being isoelectronic to Te, and the EFG consequently characterizes the complex formed by Se Te and the defect originally trapped by the 77 Br atom. The traceless EFG tensor is usually described by the quadrupole coupling constant Q ϭ͉eQV zz /h͉, the asymmetry parameter ϭ(V xx ϪV yy )/V zz with ͉V xx ͉р͉V yy ͉р͉V zz ͉ and 0рр1, and the orientation of the EFG tensor with respect to the host lattice. Due to the cubic zinc-blende lattice of CdTe, ZnTe, and ZnSe, the EFG vanishes (V zz ϭ0) if the probe atom is incorporated on an unperturbed substitutional lattice site. Furthermore, the strength of the EFG decreases rapidly with the distance r between the probe nucleus and the generating charge distribution ͑e.g., Q ϳr Ϫ3 in the case of a point charge generating the EFG͒.
The experimental PAC spectrum R(t) is described by Eq. ͑1͒. It contains the information on the strength and the symmetry of the EFG tensor by the relations 1 ϳ Q , and 2 / 1 ϭg(), respectively; 18 the frequencies satisfy the relation 3 ϭ 1 ϩ 2 . The coefficients s 0 i and s n i depend strongly on the orientation of the EFG tensor with respect to the host lattice and weakly on the asymmetry parameter .
The parameters f i denote the relative fractions of probe atoms exposed to the defect specific EFG which is characterized by the parameters Q i and i . The parameter f 0 denotes the fraction of probe atoms on unperturbed and f 0 Ј the fraction at slightly perturbed lattice sites with cubic symmetry. A damping of the R(t) spectrum, described by the parameters n and n i , occurs if the host lattice is disturbed, e.g., due to implantation damage which is not completely annealed. Finally, A 22 describes the anisotropy of the respective ␥-␥ correlation; it is exclusively determined by nuclear physics parameters and its effective value was Ϫ0.40, Ϫ0.11, and Ϫ0.14 for the probes 77 Cd, respectively, in the present experiments. All PAC spectra were recorded at ambient temperatures using a standard setup which consists of four ␥ detectors. The 12 ␥-␥ coincidence spectra, simultaneously recorded as a function of time t elapsed between the emission of the first and second ␥ quantum, were combined into a single time spectrum R(t), which is described by
The ab initio calculation of EFG resulting from the formation of NN donor-acceptor pairs was performed by means of the linearized augmented plane-wave method ͑LAPW͒ in the framework of density-functional theory, using the program package WIEN97. 24 The calculations are based on a 32-atom supercell in bcc structure containing both the probe atom and the trapped defect. If one substitutional impurity atom is part of this cluster, T d symmetry can be assumed; in the case of a complex consisting of two impurity atoms the symmetry is lowered to C 3v . For a correct calculation of the EFG, the charge state of the defects and the relaxation of atoms in the supercell have to be taken into account. In the case of NN probe-defect pairs, the EFG tensor is axially symmetric (ϭ0) and its z principal axis is aligned along the ͓111͔ lattice direction. The calculation of defect induced EFG in semiconductors using the LAPW method is described in more detail in Refs. 20 
III. RESULTS
The highest sensitivity concerning the detection of substitutional group-I acceptors residing on cation sites M (M ϭCd, Zn͒ is obtained with the donor-probe 77 Br X residing on the NN anion site (XϭTe, Se͒. In this case, the formation of NN pairs is expected, having a higher binding energy than NNN pairs, which can be formed using the donor probe 111 In M residing on the NNN cation site. It should be noted that the presence of different group-I elements leads to much larger differences in the absolute values of the defect specific EFG's for NN pairs as compared to NNN pairs. In the following, the formation of NNN donor-acceptor pairs is investigated using the donor probe In are supplemented by investigations with the radioactive group-I probe 111 Ag.
A. Experiments using the probe 77 Br
CdTe crystals were doped with the group-I elements before the implantation of the 77 Br probe atoms and the PAC measurements were performed after annealing the sample at T A ϭ550-700 K in order to remove the implantation induced radiation damage and to support the pairing process between probe atom and group-I element. In Fig. 1 , the PAC spectra R(t) and their Fourier transforms F() clearly show triplets consisting of the quadrupole frequencies n and designating the EFG measured by the donor probe 77 Br/ 77 Se. It is obvious that the EFG observed in CdTe crystals doped with Cu, Ag, or Au are strongly different and correlate with the presence of the respective group-I element. The EFG's are axially symmetric ͓ϭ0.0(1)͔ and are characterized by Q ϭ98(4) MHz (Cu), 124͑4͒ MHz ͑Ag͒, and 47͑6͒ MHz ͑Au͒. They are not observable in crystals that are exclusively doped with 77 Br. In this case, a different EFG ͓ Q ϭ188(4) MHz, ϭ0.0(1)] is observed ͑Fig. 1, bottom panel͒, which is assigned to the formation of complexes consisting of a 77
Br donor and an acceptorlike Cd vacancy V Cd ͑i.e., a Br-related A center͒. The assignment was confirmed by EFG calculations for this defect. 25 Furthermore, the formation of A centers is well known from ODMR ͑optically detected magnetic resonance͒ experiments in CdTe:Br. 29 Due to the relatively weak EFG in CdTe:Au, the corresponding R(t) spectrum in Fig. 1 does not show a full modulation period within the recorded time window. Therefore a second possibility has to be taken into account for the analysis of the experimental data assuming that the probe atoms do not form NN pairs with the Au atoms but are solely located in a slightly disturbed lattice environment. Such an environment leads to a fraction f 0 Ј with a damping in the R(t) spectrum ͓Eq. ͑1͔͒ and the corresponding fit reproduces the data almost as well as the fit based on the axially symmetric EFG with Q ϭ47 MHz, which is caused by the formation of NN pairs. This ambiguity will be discussed in Sec. IV A in more detail.
Supplementary investigations in ZnTe and ZnSe with the 77 Br probe show specific EFG for the acceptors Cu and Ag in ZnTe and for Cu in ZnSe; the corresponding PAC spectra are shown in Fig. 2 . The PAC results obtained with the probe atom 77 Br in CdTe, ZnTe, and ZnSe are summarized in Table  I . Like in CdTe, also in ZnTe and ZnSe an additional EFG is observed after 77 Br implantation without any additional doping. In analogy to the interpretation for CdTe, these latter EFG's are assigned to the A center, formed by the 77 Br/ 77 Se probe and a Zn vacancy.
B. Experiments using the probe 111 In
The experiments using the probe 77
Br show defect structures which are directly correlated with the presence of the respective acceptors Cu, Ag, and Au. Assuming that these acceptors form NN pairs with the donor probe 77 Br, the donor probe 111 In might form NNN pairs with group-I acceptors as well, provided the corresponding complexes exhibit a sufficiently high binding energy. The local structure of probe atom-acceptor pairs is sketched in Fig. 3 smaller binding energies compared to the NN pairs and, at the same time, to a smaller EFG at the site of the probe atom. Figure 4 shows PAC spectra, measured in CdTe after doping with 111 In and diffusion of the group-I elements Au, Ag, Cu, and Li ͑top to bottom͒ at T A ϭ550-900 K. In Ag and Au doped samples, in each case two slightly different EFG's are observed at the same time. The relative fractions of the two complexes depend on the sample treatment. In both cases, the larger of the two EFG's is identical ͓ Q ϭ60.2(5) MHz, ϭ0.17 (1)], is independent of the respective group-I element, and is known to be caused by the cation vacancy V Cd as a consequence of the formation of A centers
111
In Cd -V Cd . [30] [31] [32] [33] This EFG is also observable after annealing CdTe under excess Te vapor at 860 K ͑see Fig. 4 , bottom͒. From the dependence of the A-center fraction on different conditions chosen for the thermal treatment, the binding energy E b of the In-V Cd pair ͑Refs. 10 and 33͒ and the migration energy E m of the V Cd defect 10 have been determined, previously ͓E b ϭ0.18(2) eV, and E m Ϸ0.8 eV]. In contrast, the smaller, second EFG in the Ag and Au doped samples depends on the respective dopant introduced into the CdTe crystal and is characterized by Q ϭ56.6(5) MHz, ϭ0.11(2) for Ag, and by Q ϭ54.2(5) MHz, ϭ0.07 (3) for Au ͑see In Cd -V Cd pair. In the case of CdTe:Ag, additionally the orientation of the z principal axis of EFG tensor was determined to be directed approximately along the ͓111͔ crystal axis. 16 In the case of CdTe:Cu, Fig. 4 shows that only a single EFG ͓ Q ϭ60.5(5) MHz, ϭ0.17 (1)] is observable within the experimental resolution. This EFG is also known to be produced by the V Cd defect just mentioned above ͑see Table  II͒ In probe atoms, a defect induced EFG is observed after doping with the group-I acceptors Li and Ag in ZnTe and after doping with Li, Cu, and Ag in ZnSe ͑Table II͒. The PAC spectra measured in Ag doped ZnTe and ZnSe are shown in Fig. 5 . For the sake of completeness, the EFG corresponding to the A centers ( 111 In Zn -V Zn ), occurring in ZnTe and ZnSe after thermal treatment in a chalcogen rich atmosphere 32 also are listed in Table II . It is noted that in these compounds the quadrupole coupling constants for V Zn and those ones occurring after group-I doping are distributed in an interval of only 2 MHz width, which is even narrower than in case of CdTe. Accordingly, a unique distinction between the different PAC signals is at the limit of experimental resolution.
C. Experiments using the probe 111 Ag
In case of the group-I element Ag, the results presented so far were complemented by studying the pair formation with Table III .
IV. DISCUSSION
The results obtained with three probe atoms, complemented by the calculated EFG's for NN pairs in CdTe, provide a comprehensive basis for a safe identification of defect structures formed by group-I elements and, thereby, deliver information about the behavior of group-I elements in CdTe, ZnTe, and ZnSe. Thus the defect scenario observed with one probe can be verified with help of the information delivered by the other probe atoms and by the LAPW calculations. Thereby, the discussion of calculated EFG's will be restricted to the NN configuration because the calculations are not yet accurate enough to discriminate the nearly identical EFG's caused by different group-I elements in the case of the NNN configuration ͑see Sec. IV B͒. Concerning EFG calculations for the 111 In-V Cd pair in CdTe, the interested reader is referred to a previous publication. Based on the experimental conditions, the EFG's measured in CdTe:Cu and CdTe:Ag are supposed to be caused by substitutional Cu and Ag atoms, respectively. In case of CdTe:Au the measured EFG is too small for observing a full modulation period in the PAC time spectrum so that its relationship to a well defined D-A complex remains doubtful. However, the remaining uncertainty in the interpretation of the PAC data was resolved by LAPW calculations. The calculation of the EFG that are caused by singly negatively charged group-I acceptors at their NN Se Te sites yield Q Table I͒ . Considering the doping conditions and the good reproduction of the experimentally observed EFG's by theory, the defects corresponding to the PAC spectra shown in Fig. 1 The EFG's observed after Ag and Au doping are supposed to be caused by Ag Cd and Au Cd acceptors, respectively. This assumption is confirmed by the above-mentioned formation of Br-acceptor pairs, which shows that substitutional group-I acceptors can be trapped by donors in CdTe. As a result of the NNN position of the probe atom 111 In Cd to the group-I acceptors, the nearest-neighbor shell about the probe, on which the EFG depends most sensitively, consists exclusively of Te atoms and is identical for the different acceptors ͑see Fig. 3 , right-hand side͒. Accordingly, the identical nearest-neighbor shell in case of the NNN probe-defect pairs is the reason for the close similarity of the EFG caused by the different group-I acceptors ͑see In probe, 35 the differences of the EFG's with regard to the respective acceptor species are much more pronounced. Since the influence of the acceptor impurity in case of the NNN pair is mediated by the Te atom neighboring both the probe and the acceptor, it is also understandable that the orientation of the EFG tensor is along the ͓111͔ direction rather than along the ͓110͔ symmetry axis of the probe-defect pair. A similar effect was reported in Ref. 36 for In-vacancy pairs in HgCdTe. The measured ͓111͔ orientation of the EFG tensor for the group-I acceptor Ag is also reproduced by the EFG calculations, 26 which yield only 2°d eviation from the ͓111͔ lattice direction.
An EFG, measured with
111
In and related to Ag doping, has also been reported for the II-VI semiconductor CdS. In probe. 11 In the light of the observation of substitutional group-I acceptors in CdTe by 77 Br probe atoms ͑e.g.,
77
Br Te -Ag Cd pairs͒ and the confirmation of this configuration by means of EFG calculation, however, we tend to ascribe the similarity between the A-center EFG and the EFG related to group-I acceptors to the reduced sensitivity of the EFG in the case of the NNN probe-defect configuration, mentioned above. A further, more direct argument against the formation of an
111
In Cd -V Cd -Ag i cluster with Ag at an interstitial lattice site is the observation of 111 Ag-In pairs, which will be discussed below. In the case of CdTe:Cu, within the experimental resolution exclusively the same EFG ͓ Q ϭ60.5(5) MHz, ϭ0.17 (1)] is observed as known for V Cd ͑see Table II͒ In Cd -Cu Cd give rise to almost the same EFG at the site of the 111 Cd probe atom. It is suggested that both defect complexes are observed simultaneously in CdTe after diffusion of Cu, as in the case of CdTe:Ag and CdTe:Au. Finally, it can also be excluded that the EFG assigned to the V Cd defect rather belongs to the Cu acceptor. In this case, no In Cd -V Cd pairs would have been observed by PAC, up to now, which would be in strong contrast to the experimental conditions and the very detailed identification of In Cd -V Cd pairs in CdTe by ODMR. 29 Because of the different asymmetry parameter, the EFG measured with the probe 111 In in CdTe:Li ( Q ϭ60.1 MHz, ϭ0.07) indicates that at least a significant fraction of the probe atoms is located in a defect complex other than the A center. Since in infrared absorption measurements In Cd -Li Cd pairs are detected via their LVM's, 8 and taking into account the PAC data for Ag and Au, it is suggested that the new In Cd -Li Cd pairs. In this case, a superposition of two EFG's with nearly the same strength but somewhat different asymmetry parameters (ϭ0.17 and ϭ0.07, respectively͒ causes a PAC signal which can be fitted with an average asymmetry parameter determined by the relative fractions of the respective defect complexes. In the literature, the EFG measured after diffusion of Li has originally been attributed exclusively to the A-center complex. 32 The comprehensive knowledge on NNN pairs involving different group-I elements and a new, more detailed analysis of the EFG parameters observed for CdTe:Li in measurements with high statistical quality gives rise for correcting this earlier interpretation.
In context with the results obtained for CdTe, the corresponding D-A pairs
In Zn -A Zn (Aϭgroup-I acceptor͒ in ZnTe and ZnSe are suggested to exist in principle, too. Due to the very similar quadrupole frequencies measured in each compound, however, the different D-A pairs cannot always be characterized unambiguously by a specific EFG ͑see Table II͒ . In ZnSe, for instance, the EFG observed after Cu and Ag doping, and the EFG caused by Li and V Zn , respectively, are identical within the experimental resolution. In ZnTe, the EFG of the A center can be distinguished from the Li and Ag related EFG due to the different asymmetry parameters.
C. Probe atom 111 Ag
Here, the group-I element is represented by the probe atom 111 Ag itself. Thus this probe atom offers the possibility of directly examining the formation of D-A pairs involving the group-I acceptor Ag, which is proposed to occur on the basis of experiments with the donor probes 
D. Interaction with cation vacancies
The simultaneous observation of substitutional group-I acceptors and Cd vacancies ͑see Fig. 4 for Ag and Au doped samples͒ along with the discussion of the results for Cu an Li suggests that vacancies are formed as a consequence of the doping with group-I elements via the defect reaction
The fraction of group-I acceptor atoms A Cd that leaves the substitutional lattice site transforms into interstitial donors A i , which electrically compensate a part of the remaining substitutional acceptor atoms as was also proposed on the basis of photoluminescence experiments. In Cd -V Cd pairs are simultaneously observable as shown in Fig. 4 . In PAS experiments, the inverse reaction of Eq. ͑2͒ has been reported after diffusing Ag atoms into CdTe samples at room temperature. 12 Taking into account the doping conditions in the present work (T A у550 K), the PAC results complement the picture derived from the PAS data. At the same time, both experiments are consistent with the emission channeling results from Ref. 13 In and 111 Ag, however, clearly contradict this interpretation by showing the formation of In-Ag pairs in CdTe using both probe atoms, whereby the 111 In-Ag pair is characterized by Q ϭ56.6 MHz and ϭ0.11.
V. SUMMARY
In the II-VI semiconductors CdTe, ZnTe, and ZnSe, a large number of different donor-acceptor complexes involving group-I acceptors have been identified by their characteristic EFG's. In particular, it has been shown that the group-I elements Cu, Ag, Au form NN as well as NNN pairs with donor atoms. Whereas in the case of NN pairs different defects give rise to easily resolvable, significantly different EFG's, this is obviously not the case for NNN pairs: The EFG's, caused in CdTe by the different group-I acceptors or V Cd at the NNN site of an 111 Cd nucleus, give rise to Q values within the narrow interval between 54 and 60 MHz. In contrast, the EFG's at the 111 Cd site, caused by different group-V elements in an NN configuration, are distributed over a range of more than 100 MHz. 35 By using the experimental results obtained by the three probe atoms 77 Br, 111 Ag, and 111 In it is also possible to resolve some confusions with regard to the interpretation of defect related EFG's which arose in the past as a consequence of the close and possibly unexpected similarities of EFG's characterizing the formation of different NNN pairs in these materials.
Besides the bare identification of the defect related EFG's, valuable information about the behavior of the group-I acceptors has been obtained: The amphoteric character of the group-I elements according to the defect reaction in Eq. ͑2͒ has been confirmed and additional parameters such as binding and migration energies have been determined. Finally, it should be noted that the present work constitutes the first comprehensive study about NNN donor-acceptor pairs at all, irrespective of first preliminary data about the In Cd -Au Cd and In Cd -Ag Cd pairs in CdTe and the simultaneous formation of V Cd published previously. 10,14 -16 By far the most PAC studies regarding D-A pairs in semiconductors have concerned substitutional NN pairs or complexes of substitutional probe atoms with nearby interstitial defects. The present paper comprises the results obtained by PAC experiments using the probe atoms 77 Br, 111 Ag, and
111
In in the II-VI semiconductors CdTe, ZnTe, and ZnSe. As a valuable tool that became recently available, the density-functional theory based EFG calculation leads to a substantial improvement regarding the reliability of the identification of defect complexes in semiconductors.
